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A list of the triboelectric materials and their sequences with according to triboelectric polarity 
was given in Table S1. Thermal size reduction process [1–3] was performed using fiber tower 
(Figure S1) which basically consists of a tube furnace, where its axis was positioned 
perpendicular to the ground, a stage to hang and to move preform, a capstan that provide the 
required uniform force to draw fiber and a computer that controls stage and capstan movements 
and shows data from sensors that measure thickness of fiber and pressure applied on fiber. 
Prepared preform by rolling polymer films and consolidating in a vacuum oven at glass 
transition temperature was drilled from the ends through its diameter and one end was 
connected to an adapter that provides us to hang preform to the moving stage of the fiber tower. 
A mass was hanged to the other end to apply initial pulling force to start drawing process. Then 
preform which was hanged to the moving stage of the fiber tower transferred into the furnace 
and centered. Open ends of furnace was closed to stabilize internal temperature. Furnace was 
heated to 180 oC with 15 oC per minute rate and without waiting, heating continued with 2 oC 
per minute rate till drawing process starts. In our case, drawing starts at 295 oC. To avoid fiber 
rupture, the stage that holds preform was moved towards to ground with very low rates in the 
order of few millimeters per minute. Adjusting the temperature, the velocity of the stage and 
the capstan, drawing process was continued with constant pressure to obtain fiber with uniform 
intended diameter. After having first step fibers as described above, second step fibers were 
obtained by similar drawing process. But this time when we prepare preform, instead of 
polymer core and glass cladding, we prepare a bundle of first step fibers. After polymer rolling 
and consolidation process, we place that bundle into the core of preform. Then, fiber drawing 
process was performed to have second step fibers. Similarly third step fibers were obtained 
using a bundle of fibers from second step fibers. As2Se3 nanostructures were immersed into the 
1% (v/v) 1H,1H,2H,2H-perfluorodecyl-trichloro silane (FDTS) in n-heptane solution for 3 
minute after etching their polymer cladding using dichloromethane (DCM). Then, the 
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nanostructures were washed with n-heptane solvent to remove unbounded ligands and 
vacuumed at 100 oC for 1 h (Figure S2). Anodized aluminum oxide (AAO) membranes were 
produced according to our previous study and used directly supported on its aluminum substrate 
(Figure S3).[4,5] AAO template was fluorinated by the same procedure as given in As2Se3 
nanostructure fluorination process. Then, the fluorinated AAO template was vacuumed at 100 
˚C for 1 h. Polyetherimide (PEI) films, about 100 µm thickness, were purchased from Ajedium. 
Films were dissolved in DCM at a concentration of 0.3 % (w/v). PEI solution was drop casted 
on the fluorinated AAO template and waited for solvent evaporation overnight. Formed 
polymer film was easily peeled off from the template. Stand-free large-area nanopillared PEI 
films were obtained, so the films are ready to cut and use at desired dimensions. Initial 
measurement setup and samples for triboelectric applications were given in Figure S4. We 
measured the response of MULTENG to different stimulation sources such as mechanical 
tapping, sound and car vibration. Working mechanism of MULTENG isn’t similar for 
mechanical tapping, sound and car vibration. In mechanical tapping measurements, units of 
MULTENG has an exact sequence of making contact and separation. In tapping measurements, 
MULTENG was fixed from the bottom and the force applied from the top. In first stage, unit 1 
collapsed and made contact and then unit 3 at the bottom made contact in stage 2. Finally, unit 
2 in the middle made contact in stage 3. This sequence was reserved in reverse manner in 
separation phenomenon. In case of sound measurements, a static force applied from the sides 
of the MULTENG and layers took a close position to each other. However, MULTENG wasn’t 
fixed from the bottom or top. It was suspended on sound source by fixtures from the sides. Thus, 
we were able to measure response of MULTENG by obtaining freely moving suspended layers. 
Finally, in case of car vibration measurements, MULTENG was fixed from the bottom and a 
weight located on the top of the MULTENG. The applied weight collapsed the units of 
MULTENG and initial position set as contact. Since the weight was positioned perpendicular 
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in length to MULTENG in width, vibrations and jumps have made angular motions in layers of 
MULTENG. Thus, MULTENG can make angular contact and separation simultaneously in 
different layers of units. We recorded high frame rate video (Video 1) and took pictures from 
the tapping process of MULTENG to investigate the sequence of different units of our device. 
We conducted a finite element simulation using SolidWorks mechanical simulation tool (Video 
2). Results were perfectly matched with recordings as shown in Figure S5.  Figure S6 represents 
the detailed technical drawing of the MULTENG. Layers of the MULTENG were shown in 
Figure S7 in detail. Figure S8 explains the production of chalcogenide tubes using sealed 
ampoule method. Detailed SEM images of nanostructures were given in Figure S9. 
Measurement setup for open circuit voltage and short circuit current using tapping device are 
represented in Figure S10. We measured the surface charge of dielectric samples by Keithley 
Electrometer 6514 and custom made Faraday cage using the following protocol. We prepared 
2x1 cm2 equal size samples and grounded them at least for 5 minutes. We also grounded all 
equipment that needed to be used including tweezers, gloves, cables and etc. We made sure that 
samples were in constant conditions with no contact to any other substances. Next, we left 
samples on wooden (neutral) table for 1 minute. Therefore, samples regained their natural 
charges without touching any other charged material. Finally, we measured their surface 
charges 3 times to make sure if the results were reliable and we averaged the results. The 
averages for materials that have positive triboelectric series as follows: PEI has 4210 pC, PC 
has 3380 pC, CPE has 550 pC and As2Se3 has 100 pC. For materials that have negative 
triboelectric series, Teflon gives the maximum with -5300 pC charge, PDMS has -4770 pC, F-
As2Se3 has -2820 pC. That drastic incensement in surface charge of As2Se3 nanostructures 
proves the effect of the fluorination. Polyester has -2700 pC and PVDF has -1670 pC charge. 
The power of the motor that we used in our measurement system was linearly related with 
working frequency as shown in Figure S11. According to our measurements different units of 
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MULTENG make contact and separation at different time as shown in Figure S12. Stability of 
the data in tapping measurements was shown in Figure S13. To develop the theoretical model 
and describe the electric characteristics of the device, we assume that the tribocharges are 
homogeneously distributed on the two surfaces with negligible decay. Schematics of device 
was given in figure S14. This assumption is based on the fact that very short time of 
touch/separate period during the operation of the device compared to typical charge decay time 
for dielectrics. Above all, it should be noted that induced potential difference is ݒ	 ൌ ܧ ∙ ݀ and 
charge density is	ߩ ൌ ݍ/ܣ. To estimate the real-time charge generation characteristics of our 
device, we utilize the principals of a recently developed theoretical model[6], that relates the 
amount of charge (Q) (with opposite signs on the electrodes) and generated potential (V) with 
the relative displacement (z(t)) of the surfaces. Consider dPEI, dFAS, PEI, FAS are the thicknesses 
and the dielectric constants of PEI nanopillars and fluorinated As2Se3 nanowires (F- As2Se3) 
triboelectric layers respectively.  is charge density,  A is the surface area of the surface. For 
large surface dimensions (i.e. several orders of magnitude larger than the total separation 
distance	ሺ݀௉ாூ ൅	݀ி஺ௌ ൅ 	ݖሺݐሻ	ሻthe assumption that the two electrodes are infinitely large is 
acceptable. Considering our device design, the electric field will only evolve in the direction 
perpendicular to the surface as follows: 
ܧ௉ாூ ൌ 	െ ܳܣߝ଴ߝ௉ாூ 																				ሺ1ሻ 
 
ܧி஺ௌ ൌ 	െ ܳܣߝ଴ߝி஺ௌ 																				ሺ2ሻ 
 
ܧ஺௜௥ ൌ 	െ ܳܣߝ଴	 ൅
ߪ	ሺݐሻ
ߝ଴ 																				ሺ3ሻ				 
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The potential between the two electrodes can be estimated as: 
 
ܸ ൌ 	ܧ௉ாூ݀௉ாூ ൅ ܧி஺ௌ݀ி஺ௌ ൅ ܧ௔௜௥ݖሺݐሻ																				ሺ4ሻ 
 
ܸ ൌ 	െܳ ∙ ݀௉ாூܣߝ଴ߝ௉ாூ െ
ܳ ∙ 	݀ி஺ௌ
ܣߝ଴ߝி஺ௌ െ
ܳ ∙ ݖሺݐሻ
ܣߝ଴	 ൅
ߪ	 ∙ ݖሺݐሻ
ߝ଴ 																				ሺ5ሻ				 
 
ܸ ൌ 	െ ܳܣߝ଴ ൭
	݀௉ாூ
ߝ௉ாூ ൅
	݀ி஺ௌ
ߝி஺ௌ ൅ ݖሺݐሻ൱ ൅
ߪ	 ∙ ݖሺݐሻ
ߝ଴ 																				ሺ6ሻ				 
 
Effective thickness:  ݀଴ ൌ 	 	ௗುಶ಺ఌುಶ಺ ൅
	ௗಷಲೄ
ఌಷಲೄ  
Potential between electrodes can be defined as:  
 
ܸ ൌ 	െ ܳܣߝ଴ ൫݀଴ ൅ ݖሺݐሻ൯ ൅
ߪ	 ∙ ݖሺݐሻ
ߝ଴ 																				ሺ7ሻ				 
 
In the case of open circuit voltage, (no charge transfer, Q = 0) 
  
ைܸ஼ ൌ 	ߪ	 ∙ ݖሺݐሻߝ଴ 																				ሺ8ሻ				 
 
In the case of short circuit current, (V = 0) 
 
ܳௌ஼ ൌ ܣ ∙ ߪ	 ∙ ݖሺݐሻ݀଴ ൅ ݖሺݐሻ 																				ሺ9ሻ	 
 
    
 
 
Kanik, Bayindir, et  al. | Multi-layered Triboelectric Nanogenerator                                   8 / 29 
ܫௌ஼ ൌ 	݀ܳௌ஼݀ݐ 																				ሺ10ሻ 
 
ܫ௦௖ ൌ ݀݀ݖ ൤
ܣ ∙ ߪ	 ∙ ݖሺݐሻ
݀଴ ൅ ݖሺݐሻ ൨ 	 ∙ 	
݀ݖ
݀ݐ 																				ሺ11ሻ 
 
ܫ௦௖ ൌ ܣ ∙ ߪ	 ∙ ݀଴ 	 ∙ ݒሺݐሻ൫݀଴ ൅ ݖሺݐሻ൯ଶ
																				ሺ12ሻ			 
 
Where ݒ (t) is the average relative velocity of separation / reunification. Here surface charge 
density is time and materials dependent,  
 
ߪ ൌ ߪ଴. ݁ି
௧
ఛ																					ሺ13ሻ 
 
Where ߪ଴	 is the initial surface charge density, when the two surfaces are in contact. τ is the 
delay time for  charge dissipation, i.e. time required for charge redistribution inside the polymer 
(time required for charges to equilibrate overall charge of the material after the two surfaces are 
separated).  
We observed that MULTEN make angular and linear motions in moving car measurements as 
shown in Figure S15 and Figure S16. According to these movements we observed single, 
double and triple contact and separation peaks in OCV and SCC measurements and defined 
them on plots.  
 
Since MULTENG work perfectly at low frequency, we used low pass filter in car measurement 
to eliminate fluctuations due to high frequency motions. A car is complicated system and many 
high frequency vibrations produced by the engine and wheels. Besides, we obtained reasonable 
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change in output power, OCV and SCC with respect to car speed. Required acceleration to 
increase the speed up to 15 and 30 km/h were close to each other. But, higher acceleration rate 
was required to increase the speed up to 40 km/h since same tracks were used in all 
measurements. In the measurements, MULTENG was fixed from the bottom and a weight 
located on the top of the MULTENG. The applied weight was caused to collapse the units of 
MULTENG and initial position was set as contact. Since the weight was positioned 
perpendicular in length to MULTENG in width, vibrations and jumps have made angular 
motions in layers of MULTENG. Thus, MULTENG could make angular contact and separation 
simultaneously in different layers of units. This causes overlap in peaks and broadening. We 
used the variables given in Table S2 to calculate open circuit voltage. Table S3 summarizes 
electrical characterization results of MULTENG. 
 
 
  
    
 
 
Kanik, Bayindir, et  al. | Multi-layered Triboelectric Nanogenerator                                   10 / 29 
 
TABLE S1: A LIST OF TRIBOELECTRIC MATERIALS      
 
Table S1 – Triboelectric materials are listed according to their triboelectric polarity 
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FIGURE S1:  ITERATIVE SIZE REDUCTION TECHNIQUE 
 
 
 
 
Figure S1. A model shows iterative size reduction technique. Macroscopic core of the preform 
shrinks into microscopic fibers in the first step size reduction process. In the following size 
reduction steps, size of the cores decreases down to nanoscale and the total length increases up 
to kilometer range. Iterative drawing occurs by putting first step fibers into the core of the 
second step preform, putting second step fibers into third step and drawing consecutively. 
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FIGURE S2:  FLUORINATION PROCESS 
 
 
Figure S2. Fluorination process of the As2Se3 nanostructures. As2Se3 nanostructures are 
immersed into the FDTS solution. Finally, nanostructures are washed to remove free FDTS 
ligands and are produced as monolayer protected. 
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FIGURE S3:  MELT INFILTRATION TECHNIQUE 
 
 
 
Figure S3. Fabrication process of PEI nanopillars. a) AAO membrane is used as supported on 
its aluminum (Al) substrate. b) Dissolved PEI film is drop casted on the AAO template. c) 
Polymeric film is peeled off from the template after solvent evaporation process.  
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FIGURE S4:  INITIAL MEASUREMENT SETUP AND SAMPLES 
  
 
Figure S4. a) Initial measurement setup in order to obtain the best material couple to obtain 
highest output values. b) Image of the samples that were investigated for material selection 
measurements. c) Tapping device with a 5V DC motor, which gives the mechanical power in 
order to achieve voltage and current characteristics. 
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FIGURE S5: SYNCHRONIZATION OF UNITS OF MULTENG 
 
Figure S5. Left column: Contact and separation of MULTENG under tapping force. Right 
column: finite element model of mechanical response of MULTENG which perfectly matches 
with real behavior of MULTENG.  
 
 
    
 
 
Kanik, Bayindir, et  al. | Multi-layered Triboelectric Nanogenerator                                   16 / 29 
 FIGURE S6:  DETAILED REPRESENTATION OF 3D PRINTED MULTENG 
 
 
Figure S6. Detailed sketches and dimensions of MULTENG. a) Cross section of multi layered 
structure. b) Side view, c) and top view of the MULTENG. d) Cross section of layers of 
MULTENG. e) Bottom view, f) and side view of layers of MULTENG.  
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FIGURE S7:  LAYERS OF MULTENG 
 
 
Figure S7. Detailed representation of a) PEI nanopillar decorated and b) As2Se3 nanostructure 
transferred films. Bottom of the PEI film was coated with Aluminum (Al) using thermal 
evaporation while As2Se3 nanostructures were directly deposited on the Al tape. Copper (Cu) 
tapes were attached to both of the film in order to provide conductivity.  
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FIGURE S8:  CHALCOGENIDE TUBE PRODUCTION 
 
 
Figure S8. a) As2Se3 rod was synthesized by sealed quartz ampoule method and then the 
material is inserted in a rotating machine. It transformed from rod to the tube shape by using 
centrifugal force. b) As2Se3 tubes after extracting from quartz ampoule by cracking and 
uniformly etching the quartz ampoule. c) The photograph of rotating machine. 
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FIGURE S9:  DETAILED SEM PICTURES OF AS2SE3 NANOSTRUCTURES 
 
 
Figure S9. Cross-sectional and longitudinal SEM images a) first step, b) second step, c) third 
step PES-As2Se3 core-shell structures.  
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FIGURE S10: MEASUREMENT SETUP AND TAPPING DEVICE 
 
 
Figure S10. Measurement setup for tapping frequency dependent characterization of 
MULTENG. a) Experimental setup. b) Detailed representation of open circuit voltage 
measurement tools. c) Detailed representation of short circuit current measurement tools. 
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FIGURE S11: POWER – FREQUENCY RELATION 
 
 
Figure S11. Linear relation between tapping frequency and tapping power of tapping machine. 
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FIGURE S12: DETAILED OCV AND SCC SINGLE PEAK PLOTS 
 
 
 
Figure S12. Single peak a) OCV and c)SCC plots at different frequencies. c) Expanded OCV 
representations which show the contact and separation of different units of MULTENG. 
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FIGURE S13: LONGER TIME SCALE SCC PLOTS 
 
 
 
Figure S13. Stability test for current response of MULTENG with random times scales and 
various frequency. 
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FIGURE S14: SCHEMATIC MODEL FOR CONTACT ELECTRIFICATION 
 
 
Figure S14. Schematics of single layer triboelectric device. 
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FIGURE S15: LINEAR MOTIONS OF MULTENG IN CAR MEASUREMENTS 
 
 
Figure S15. Single, double and triple peaks in a sequence were correspond to successive linear 
contact and separation of different units of MULTENG as a response to car vibration.  
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FIGURE S16: ANGULAR MOTIONS OF MULTENG IN CAR MEASUREMENTS 
 
 
 
Figure S16. Single, double and triple peaks in a sequence were correspond to successive 
angular contact and separation of different units of MULTENG as a response to car vibration.  
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TABLE S2: LIST OF PARAMETERS USED TO CALCULATE OCV 
 
Table S2 – List of parameters used in our model to calculate open circuit voltage. 
 
Layer thickness 
 
d-As2Se3 110 µm 
d-PEI 70 µm 
 
Relative dielectric constant  
 
-As2Se3 8.1 
-PEI 3.1 
 
Other variables 
 
0 10-6 C/m2 
Frequency  20 Hz 
Velocity 0.32 m/s 
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TABLE S3: SUMMARY OF RESULTS 
 
Table S3 – Summary of experimental results. Obtained maximum outputs from tapping, 
automobile motion and sound excitation applications, respectively.    
Tapping Maximum Outputs 
Voltage  396 V (7.5 Hz) 
Current  1.616 mA (2.5 Hz) 
Instantaneous Power 0.512 W (5 Hz) 
Power Density 53.4 W/m2 (5 Hz) 
DC Power 1.233 mW (7.5 Hz) 
Efficiency 5.32 % (1 Hz) 
 
Moving Car Maximum Outputs 
Voltage  61.96 V (40 km/h) 
Current  2.05 μA (40 km/h) 
Instantaneous Power 127 μW (40 km/h) 
Power Density 13.23 mW/m2 (40 km/h) 
DC Power 1.84 μW (40 km/h) 
 
Acoustic Signal Frequency Maximum Outputs 
Voltage  107.3 V (10 Hz) 
Current  0.49 μA (10 Hz) 
Instantaneous Power 52.5 μW (10 Hz) 
Power Density 5.47 mW/m2 (10 Hz) 
DC Power 17.4 μW (10 Hz) 
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